Previous studies have demonstrated that gecko foot-hair inspired elastomer microfibers with spatulate tips have significant adhesion enhancement compared to the flat elastomer surface. In this study, we report the friction enhancement of these highly adhesive fibers and analyze the relation between adhesion and friction of elastomer microfiber arrays with spatulate tips. Fabricated polyurethane fiber arrays with spatulate tips demonstrate macroscale static friction pressures up to 41 N / cm 2 for a preload pressure of 1.5 N / cm 2 on a 6 mm diameter smooth glass hemisphere.
In recent years, repeatable micro-nanofibrillar adhesives inspired by gecko and insect foot hair have been investigated extensively. It has been demonstrated that the main mechanism for enhanced and controlled fibrillar adhesion depends on hierarchical micro-/nanoscale foot-hair compliance, spatular ending shape tip, fiber orientation, fiber elasticity, and intermolecular forces such as van der Waals 1 and possibly capillary 2 forces at the fiber-surface interface. Several works have demonstrated high static friction forces with vertically aligned multiwalled carbon nanotubes 3, 4 and stiff polypropylene microfiber arrays 5 in contact with smooth surfaces. Although these fibers exhibit enhanced static friction, their adhesion is significantly low as they are stiff and do not show any stretching behavior, which limits their potential applications as adhesives. Therefore, this paper proposes elastomer microfibers with spatulate tips as both enhanced adhesion and friction microstructures on smooth surfaces and focuses on enhanced friction measurement and approximate modeling of these highly adhesive fibers. 6 Polyurethane elastomer microfiber arrays with spatulate tips were fabricated using deep reactive ion etching and notching effect ͓Fig. 1͑a͔͒. 6 The thickness of the fiber array backing layer is chosen to be smaller than 0.1 mm ͑including fiber length͒ to minimize the effect of backing layer deformation during measurements. 7 During XeF 2 etching to release the fibers, surface fluorination occurs and increases the surface energy of the fiber tips. 8 Macroscale frictional performance of the fabricated fiber arrays was characterized using a custom friction measurement setup ͓Fig. 1͑b͔͒. A glass hemisphere instead of a flat glass surface is selected as the test surface to eliminate alignment errors. A 6 mm diameter smooth glass hemisphere ͑QU-HS-6, ISP Optics͒ attached to a load cell ͑GSO-25, Transducer Techniques͒ was moved vertically by a motorized stage with 100 nm resolution ͑MFA-CC, Newport͒. The hemisphere was brought into contact and then pressed onto the fiber array sample with an automated vertical motion until reaching a prespecified normal preload. After waiting for 1 s to relax the elastomer fibers at the given preload, the hemisphere maintained its fixed position with a constant penetration depth on the fiber array sample during the following lateral motion. The fiber array sample attached to another load cell ͑GSO-50, Transducer Techniques͒ was moved horizontally for 80 s by another motorized stage. After another 1 s waiting time, the hemisphere was retracted vertically from the fiber array sample. The experiments were performed at 5 m / s speed. For every preload, the contact area was determined using inverted microscope ͑Eclipse TE200, Nikon͒ images.
A flat polyurethane surface was used as a control sample to show the relative enhancement of friction by fabricating microfiber arrays with spatulate tips using the same material. Friction of 15ϫ 7 mm 2 area fiber array and flat polyurethane samples was measured using the above setup. Flat sample was less than 0.1 mm thick and was exposed to XeF 2 for 20 min to have the same surface fluorination effect as that of the tip of the fibers. a͒ Electronic mail: sitti@cmu.edu.
FIG. 1. ͑Color online͒ ͑a͒
Scanning electron microscope image of polyurethane fiber arrays with spatulate tip endings ͑profile view, scale bar: 50 m͒, and ͑b͒ a schematic of the customized friction test setup measuring the friction while sliding a preloaded glass hemisphere on a fiber array sample with a constant penetration depth on an inverted optical microscope. Figure 2 shows typical measured force-time curves for a flat surface and a fiber array sample for a 4 mN preload. It could be seen in Figs. 2͑a͒ and 2͑c͒ that the friction force fluctuates periodically for the flat sample without significant difference between the kinetic and maximum static friction forces. For the fiber array, after the preload was reached ͓A in Fig. 2͑b͔͒ , as the glass hemisphere was dragged along the fiber surface, the microscope images showed that all fiber tips remained in contact with the glass hemisphere and stretched ͓Fig. 2͑g͔͒. After a critical lateral displacement was reached, most of the stretched fibers were detached simultaneously ͓B in Fig. 2͑d͔͒ resulting in a maximum lateral force defined as the maximum static friction force. After this detachment, the lateral force dramatically decreased since there was no significant adhesive contact between the hemisphere and the fiber tips ͓Fig. 2͑h͔͒. The constant lateral force after the sudden detachment ͓C in Fig. 2͑d͔͒ is defined as the kinetic friction.
Kinetic and maximum static friction forces from the force-time data at three different locations on the flat surface and fiber array samples for preloads up to 12 mN are shown in Fig. 3͑a͒ . For every preload, the maximum static friction of the fiber array is higher than the maximum static friction of the flat surface. It seems that fibrillar structuring allows each unit area to behave more independently to resist detachment, analogous to the crack trapping 9 property of fibrillar interfaces during peeling as well as the increased energy dissipation during detachment due to fiber elastic stretching. However, the kinetic friction of the fiber array is always lower than the kinetic friction of the flat surface and this effect could be attributed to the formation of Schallamach waves 10 for the flat surface, which was not observed for the fibers. Moreover, for the fibers, the maximum static friction is considerably higher than the kinetic friction.
Previous work by Aksak et al. 11 modeled the detachment criterion for an elastomer microfiber including the peeling effect of the moment at the fiber tip due to the fixed-guided boundary conditions. However, in our analysis, the effect of moment on detachment is neglected due to the enlarged tip shape and soft backing, which lets the fiber rotate almost freely. For fiber Young's modulus of E, Poisson's ratio of , and tip radius of a t , fiber-substrate effective work of adhe-FIG. 2. ͑Color online͒ Typical force-time curves from the friction experiments. ͑a͒ Normal force for a flat polyurethane surface and ͑b͒ for a polyurethane microfiber array with spatulate tips. ͑c͒ Lateral force for a flat surface and ͑d͒ for a microfiber array with spatulate tips. A shows the applied preload ͑4 mN͒; B is the maximum static friction force; C is the kinetic friction force. ͓͑d͒ and ͑e͔͒ Inverted microscope images of microfibers after preloading ͑e͒ and when maximum static fiction is measured ͑f͒. ͓͑g͒ and ͑h͔͒ Profile view microscope images of microfibers when they are about to detach ͑g͒ and when they are sliding on glass ͑h͒.
FIG. 3. ͑Color online͒ ͑a͒
Macroscale maximum static and kinetic friction experimental and simulated values of flat and microfiber array elastomer samples on a 6 mm diameter smooth glass hemisphere and experimentally measured number of fibers in maximum contact area for varying preloads. ͑b͒ Schematic of the forces on the tip and dimensions of a single fiber while preloading and shearing it. There is no contact at 1, fiber is compressed at 2, and the fiber is about to detach at 3.
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Kim, Aksak, and Sitti Appl. Phys. Lett. 91, 221913 ͑2007͒ sion , and effective Young's modulus of K =4E / 3͑1− 2 ͒, pull-off force for a single fiber in contact with a flat substrate is given by P cf = ͱ 6Ka t
.
11 This is only valid for axial loading of the fiber, where shear and moment effects are negligible at the fiber tip-adhering surface interface. Since the radius of curvature of the glass hemisphere is very large relative to the diameter of the fiber, local flat contact is a valid assumption for a single fiber.
Referring to Fig. 3͑b͒ , it is assumed that the detachment occurs when the axial force acting on the fiber ͑P a ͒ equals the pull-off force ͑P cf ͒. Let ␦ be the amount of stretching before detachment for a single fiber. If ␦ can be determined, then it is possible to find the detachment angle ͑͒ and, therefore, the lateral force acting on the fiber before detachment. Define axial and bending stiffness of a single cylindrical fiber from the linear elastic beam theory as k a = a 2 E / L c and
4 E / L c 3 , respectively, where a is the fiber stem radius. The stem length ͑L c ͒ is used rather than entire length of the fiber ͑L͒ to find the stiffness values as most of the deformation takes place at the stem. Right before detachment P a = P cf and, therefore, ␦ = P cf / k a . Knowing ␦, and the bending force ͑P b ͒ on the fiber that is compressed by ⌬ av displacement are computed as = cos −1 ͓͑L − ⌬ av ͒ / ͑L + ␦͔͒ and
Let P s,s be the force acting on the fiber in the s direction ͓Fig. 3͑b͔͒ right before detachment, which is defined as the maximum static friction for a single fiber. Then, P s,s is found by finding force components in the s direction as P s,s = P cf sin + P b cos and P a = P cf . After detachment, the fiber contacts only with its edge and starts sliding on the glass surface ͓Fig. 2͑h͔͒. At this stage, we assume that a sliding friction of P sliding starts acting on the fiber. Also, as the contact area of the fiber with the glass hemisphere gets relatively small after detachment, P a Ϸ 0 and the kinetic friction for a single fiber ͑P s,k ͒ becomes P s,k Ϸ P b cos + P sliding .
When a fibrillar surface is indented by ⌬ displacement using a spherical indenter, the number of indented fibers ͑N͒ increases by higher ⌬ and every fiber in contact with the indenter compresses a different amount. 11 However, we approximate these N different compressions by an average compression ⌬ av as if the indenter is planar. For a hemispherical indenter with radius R, ⌬ av = ⌬͑3R − ⌬͒ / ͑6R − ⌬͒. Then, can be computed using ⌬ av which determines P s,s and P s,k . The maximum static friction ͑F s,s ͒ and kinetic friction ͑F s,k ͒ of the fiber array are simply the summation of the force contribution of each fiber in contact so that F s,s = NP s,s and F s,k = NP s,k .
Using these models, the theoretical result for the maximum static friction was plotted in Fig. 3͑a͒ along with the experimental data. The simulation parameters are a t = 4.5 m, a = 2.25 m, L =20 m, L c =15 m, E = 3 MPa, = 0.5, and = 0.257 J / m 2 , where N ͓Fig. 3͑a͔͒ and were determined experimentally. The experimental and simulation results exhibit similar trends for lower preloads. However, the discrepancy between the simulation results and experiments increases for higher preloads. It could be due to the deficiency of linear beam equations for larger induced deflections at higher preloads. Also, the maximum static friction saturates at larger preloads since N saturates after a threshold preload value when the indentation is equal to the length of the fibers. The simulation for the kinetic friction was not included in Fig. 3͑a͒ as the value of P sliding could not be determined theoretically, which is a future work. Using the parameters listed for the fabricated fibers, we found P s,s =42 N and P s,k =4+ P sliding N for 1 mN preload case.
Since N does not change during lateral motion for a given preload, the relation between P s,s and P s,k is the same as the relation between F s,s and F s,k . Thus, for a relatively small P sliding , one would expect F s,s ӷ F s,k , which is in accordance with the experimental data.
In conclusion, maximum static friction pressures up to 41 N / cm 2 for a preload pressure of around 1.5 N / cm 2 are demonstrated for elastomer fibers with 4.5 m stem diameter, 9 m tip diameter, 20 m length, and 44% fiber tip area density on a 6 mm diameter glass hemisphere. It is shown that these fibrillar adhesives enhance not only adhesion 6 but also static friction. An approximate model was developed to predict the experimental friction results and the relation between friction and adhesion. Future work includes evaluation of the influence of fiber geometry on fibrillar friction, scaling the fibers down to nanometer scale, and orienting them with an angle.
